APPENDIX C
MODEL/EQUATIONS FOR ESTIMATING TIER 1 AND TIER 2A TARGET
LEVELS WITHIN THE DCRBCA PROCESS

The symbols used in the equations are all defined with their units. Also, symbols are
consistent with those used in Tables 5-4 and 5-5; the DCRBCA computational software
and report forms.
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INDOOR INHALATION OF VAPOR EMISSIONS

Carcinogenic effects

TRx BW x AT, x 365
IR x ET, x ED x EF x SF,

RBTL.=

Non-carcinogenic effects

THQ x BW x AT, x 365 x RfD,

RB L= ET_x EDx EF

Source: RAGS, Vol. I, 1989, p. 6-44

where:

RBTL,;
1R

THO
BW
AT,
ATy
IRai
ETin
ED
EF
R/D;
SF;

Risk-based target level in indoor air [mg/m’]

Target risk or the increased chance of developing cancer over a lifetime due to
exposure to a chemical [-]

Target hazard quotient for individual constituents [-]

Body weight [kg]

Averaging time for carcinogens|years]

Averaging time for non-carcinogens|years|

Indoor inhalation rate [m’/hr]

Indoor Exposure time [hr/day]

Exposure duration [years]

Exposure frequency [days/year]

The chemical-specific inhalation reference dose [mg/(kg-day)]

The chemical-specific inhalation cancer slope or potency factor [mg/(kg-day)]"

OUTDOOR INHALATION OF VAPOR EMISSIONS

Carcinogenic effects

TRx BW x AT, x 365
IR, < ET,  x EDxEF xSF,

out

RBTL.=

Non-carcinogenic effects

THQOx BW x AT, x 365 x RfD,

RBILo = ET_x EDx EF

Source: RAGS, Vol. I, 1989, p. 6-44

Where:

RBTL,
TR

THO
BW
AT,
AT, nc
IR0
E T out
ED
EF
R/D;
SF;

Risk-based target level in outdoor air [mg/m’]

Target risk or the increased chance of developing cancer over a lifetime due to
exposure to a chemical [-]

Target hazard quotient for individual constituents [-]

Body weight [kg]

Averaging time for carcinogens|years]

Averaging time for non-carcinogens|years]

Outdoor inhalation rate [m’/hr]

Outdoor Exposure time [hr/day]

Exposure duration [years]

Exposure frequency [days/year]

The chemical-specific inhalation reference dose [mg/(kg-day)]

The chemical-specific inhalation cancer slope or potency factor [mg/(kg-day)]”

DCRBCA Final

Fiscal Year 2002




DIRECT INGESTION OF GROUNDWATER
(ONLY FOR CHEMICALS WITHOUT DC WATER QUALITY STANDARDS)

Carcinogenic effects Where:

TRx BW x AT x 365 RBTL, = Risk-based target level for ingestion of groundwater [mg/L-H,O]

RBTL = TR = Target risk or the increased chance of developing cancer over a lifetime due to
" IRW x EDx EF x SF, exposure to a chemical [-]
THQ = Target hazard quotient for individual constituents [-]
BW = Body weight [kg]
Non-carcinogenic effects AT, = Averaging time for carcinogens|years]
AT, = Averaging time for non-carcinogens|years]
_THOxBW x AT, , x365x RfD, IRy = Water ingestion rate [L/day]
RBTL.= IR. x EDx EF ED = Exposure duration [years]
" EF = Exposure frequency [days/year]|

RfD, = The chemical-specific oral reference dose [mg/(kg-day)]
SF, = The chemical-specific oral cancer slope or potency factor [mg/(kg-day)]"

Source: RAGS, Vol. I, 1989, p. 6-35
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SUBSURFACE SOIL CONCENTRATIONS PROTECTIVE OF INDOOR VAPOR INHALATION

RBTL;i — RBILa

sesp

Le Enclosed Space

Ground surface

where:
Foundation Cracks Vadose zone
RBTL;; = Risk-based target level for indoor inhalation of vapors from subsurface
soils [mg/k g_SOil] - Diffusing vapors
RBTL,; = Risk-based target level for indoor inhalation of air [mg/m3 -air|
VF.s = Volatilization factor from subsurface soil to indoor (enclosed space) air
mg/m’-air)/(mg/keg-soil)] | 77
Source: ASTM E1739-95 y Watertable

GROUNDWATER CONCENTRATIONS PROTECTIVE OF INDOOR VAPOR INHALATION

RBTL .
RBTL,, = d
ner LB Enclosed Space
Ground surface
where:
Foundation Cracks
RBTL,; = Risk-based target level for indoor inhalation of vapors from groundwater Vadose zone
[mg/L-H,0] Lo h,
RBTL, = Risk-based target level for indoor inhalation of air (mg/m3—air)
VF..; = Volatilization factor from groundwater to indoor (enclosed space) air ] T T T T Diffusing vapors
[(mg/m’-air)/(mg/L-H,0)] J A )
h, Capillary zone
c\( ‘Water Table

Source: ASTM E1739-95 i —
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INHALATION OF VAPORS AND PARTICULATES, DERMAL CONTACT AND INGESTION
OF CHEMICALS IN SURFICIAL SOIL

Carcinogenic effects

TRxBWx AT .x365

RBTLss=
™ b EDX(SF,x10"°% (IR ,;x RAF ,+SAX MXRAF ))H(SFXIR % ET,,, x(VFy+ VF,))]

Non-carcinogenic effects

THOxBWx AT, <365
RBTL= ~
. D{l 0 XUR ;X RAF,+S4x MXRAF,) (4% IR XVF .+ VF,))
RID, RID,
where:
RBTL;, = Risk-based target level in surficial soil [mg/kg]
TR = Target risk or the increased chance of developing cancer over a lifetime due
to exposure to a chemical [-]
THQ = Target hazard quotient for individual constituents [-]
BW = Body weight [kg]
AT, = Averaging time for carcinogens [years]
AT, = Averaging time for non-carcinogens [years]
ED = Exposure duration [years]
EF = Exposure frequency [days/year]|
IR = Soil ingestion rate [mg/day]
RAF, = Oralrelative absorption factor [-]
SA = Skin surface area [cmz/day]
M = Soil to skin adherence factor [mg/cm’]
RAF; = Dermal relative absorption factor [-]
IR = Outdoor inhalation rate [m’/hr]
ET,,; = Outdoor Exposure time [hr/day]
SF, = Oral cancer slope factor [(mg/kg-day)™']
SF; = Inhalation cancer slope factor [(mg/kg-day)']
RfD, = The chemical-specific oral reference dose [(mg/kg-day)]
RfD; = The chemical-specific inhalation reference dose [(mg/kg-day)]
VF, = Volatilization factor of particulates [(mg/m’-air)/(mg/kg-soil)]
VF = Volatilization factor from surficial soil [(mg/m3-air)/(mg/kg-soil)]

Airborne Particulate Maltter

> —> | |8a = Height of the
—> Diffusing vapors —> breathing zone
Ua
> Ground surface

ST

Impacted surficial soils

Vadose zone

Y Water table

Source: ASTM E1739-95
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SUBSURFACE SOIL CONCENTRATIONS PROTECTIVE OF LEACHING TO GROUNDWATER

RBT.
RB T LS'LZ LW Ground surface
s Infiltration (I) N
l l l l Vadose zone
where:
|
RBTLy, = Risk-based target level for leaching to groundwater from subsurface soil ,
[mg/kg-soﬂ] Leachate
RBTL, Risk-based target level for ingestion of groundwater [mg/L-H,O] l l l l Water Table
LFgy = Leaching Factor (from subsurface soil to groundwater) U
[(mg/L-H,0)/(mg/kg-soil)] - Bdgw
W
Source: ASTM E1739-95
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VOLATILIZATION FACTORS

VF,.sp : Volatilization factor from groundwater to indoor (enclosed
space) air [(mg/m3—air)/(mg/L—H20)]

VF,ump: Volatilization factor from groundwater to outdoor (ambient) air
[(rng/m3 -air)/(mg/L-H,0)] - For Construction Worker Only

o [Dﬁf{ /Loy }
B ERx L, 5
VF vesp = 7 o7 X 10
L+ D /L, N D¥ /L,
ERx L, (fo/;ck I Leyer )X h
where:
H = Chemical specific Henry's Law constant[(mg/cm3-air)/
(mg/cm’-H,0)]
Low = Depth to groundwater [cm]
Ly = Enclosed space volume/infiltration area ratio [cm]
Lerack = Enclosed space foundation or wall thickness [cm]
ER = Enclosed space air exchange rate [1/s]
Dwf’f Effective diffusion coefficient between groundwater and
soil surface [cm?/s]
Dcmckeff = Effective diffusion coefficient through foundation cracks
[cm?/s]
h = Areal fraction of cracks in foundation and/or walls
[cm’-cracks/ cm’-total area]
10° = Conversion factor [L/m’]

Source: ASTM E1739-95

_ H 3
VF wamp = x]10
]+|:UaX5aXLHGW:|
W X Dl
where:
H = Chemical-specific Henry's Law constant [(mg/cm3 -air)/
(mg/cm3 -H,0)]
U, = Wind speed at ¢, above ground surface [cm/s]
O = Breathing zone height [cm]
Lsy = Depth to groundwater [cm]
We = Length of groundwater source area parallel to wind direction
[cm]
Dwf’f = Effective diffusion coefficient between groundwater and soil
surface [cm?/s]
10’ = Conversion factor [L/m’]

Source: ASTM E1739-95
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V. : Volatilization factor from subsurface soil to indoor (enclosed space) air [(mg/m3 -air)/(mg/kg-soil)]

where:
Hxp, (| DL . . ' . ;
0+ ( K. x Pv) N ( I x 9as)] ERx L, l H - Chermc':al specific Henry s Law 3cons,tan‘[ [(mg/cm’-air)/ (mg/cm’-H,0)]
VE sop = — s 7 x 10 Ls = Dry soil b}llk density [g-sqll/cm -soil] . . .
1+ DY /L + _Ds /L Orvs = Volumetric water content in vadose zone soils [cm’-H,O/cm’-soil |
ERxL, | | (DT, /L,..)xh K, = foox Ko
= Chemical-specific soil-water sorption coefficient for the unsaturated
zone [em’-H,0/ g-50il]
O, = Volumetric air content in vadose zone soils [cm3 _air/cm’ -soil]
L = Depth to subsurface soil sources [cm]
Lg = Enclosed space volume/infiltration area ratio [cm]
Lerack = Enclosed space foundation or wall thickness [cm]
ER = Enclosed space air exchange rate [1/s]
fof = Effective diffusion coefficient in soil based on vapor-phase
concentration [cm?/s]
Dou? = Effective diffusion coefficient through foundation cracks [cmz/s]
h = Areal fraction of cracks in foundation and/or walls
[cm’-cracks/ cm’-total area]
10° = Conversion factor [(cm3-kg)/(m3-g)]
Source: ASTM E1739-95
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VF, : Volatilization factor from surficial soil [(mg/m’-air)/(mg/kg-soil)]

*E¥% choose the smaller of the two ***

:2><Wa><ps>< DY xH

3
VFSS Uaxé‘a \/ﬂ-x[ews_'_(KSXps) +(HXOas) XTXIO

Length of soil source area parallel to wind direction [cm]

Dry soil bulk density [g-soil/cm’-soil]

Wind speed at &, above ground [cm/s]

Breathing zone height [cm]

Effective diffusion coefficient in soil based on vapor-phase concentration
[cm?/s]

Chemical-specific Henry's Law constant [(mg/cm3—air)/ (mg/cm3—H20)]
Volumetric water content in vadose zone soils [cm’-H,O/cm’- soil]

ﬁc X Koc
Chemical-specific soil-water sorption coefficient for the unsaturated zone

[cm3 -H,0O/g-soil]

Volumetric air content in the vadose zone soils [cm’-air/cm’-soil]
Averaging time for vapor flux [s]

ED (yr) x 365 (day/yr) x 86400 (sec/day)

Conversion factor [(cm3-kg)/(m3-g)]

Source: ASTM E1739-95

VE, = VV“X—’O?Xd x ] 03
UiX0.xT
where
W, = Length of soil source area parallel to wind
direction [cm]
Ps Dry soil bulk density [g-soil/cm’-soil]
d = Depth to base of surficial soil zone [cm]
U, = Wind speed at ¢, above ground surface [cm/s]
o, = Breathing zone height [cm]
T = Averaging time for vapor flux [s]

ED (yr) x 365 (day/yr) x 86400 (sec/day)
10° = Conversion factor [(cm’-kg)/(m’-g)]

Source: ASTM E1739-95
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VF,: Delivery of particulate chemicals from soil to air
[(mg/m’-air)/(mg/kg-soil)]

xW
VE, =1 e g
Ua X 54{
where:
P, = Particulate emission rate [g-soil/cm’-sec]
W, = Length of soil source area parallel to wind direction
[cm]

U, = Wind speed at 9, above ground surface [cm/s]
0, = Breathing zone height [cm]

10° = Conversion factor [(cm’-kg)/(m’-g)]

Source: ASTM E1739-95
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EFFECTIVE DIFFUSION COEFFICIENTS

Dseff . effective diffusion coefficient in soil based on vapor-phase Dwsqf" effective diffusion coefficient between groundwater and surface soil
concentration [cm?/s] [cm?/s]
9333 9333 h -1
ef]’ — a as w . ws off ca hv
’ D 0%0 "D XHX 0;0 1£=(hc’ap+hv)x{D€; + qﬁi|
where: here: “ )
D" = Chemical-specific diffusion coefficient in air [cm?/s] where: ) ) )
» _ . : cop - o 2 heq Thickness of capillary fringe [cm]
D = Chemical-specific diffusion coefficient in water [cm/s] P .
_ . i 3 . 3 h, Thickness of vadose zone [cm]
O, = Volumetric air content in vadose zone [cm’-air/cm’-soil] off ) . : - ) )
_ ) . D.,,” = Effective diffusion coefficient through capillary fringe
Os = Volumetric water content in vadose zone 2
3 1,0/cm-soil . [cm?/s]
[em’- 2 cm -§01 ] . 3, 3 . fo] = Effective diffusion coefficient in soil based on vapor-phase
6r Total soil porosity in the impacted zone [cm’/cm™-soil] concentration [cm?s]
H Chemical-specific Henry's Law constant [(mg/cm’-air)/
(mg/cm’-H,0)]
Dcapeﬁ . effective diffusion coefficient for the capillary fringe [cmz/s] Dcmdfff . effective diffusion coeff. through foundation cracks [cmz/s]
B 9333 9333
4= prx 0 e L O Sy e ] O
o= DX 92’ by 9%’ D‘éfZCﬁD“XQL;O”D“X—XQ—ZU"
07 H o7
where:
D’ = Chemical-specific diffusion coefficient in air [cm®/s] where:
D" = Chemical-specific diffusion coefficient in water [cm?/s] D" Chemical-specific diffusion coefficient in air [cm?/s]
G.cqp = Volumetric air content in capillary fringe soils [cm’- D" = Chemical-specific diffusion coefficient in water [cm/s]
air/em’ -soil] Orack = Volumetric air content in foundation/wall cracks
Oveqp = Volumetric water content in capillary fringe soils [cm’- [en’-air/cm’-total volume]
H,0/ cm3-soil] Overack = Volumetric water content in foundation/wall cracks
o, Total soil porosity [cm’/cm’-soil] [em’-H,O/cm’-total volume]
H Chemical-specific Henry's Law constant [(mg/cm’-air)/ 6 Total soil porosity [cm®/cm’-soil]
(mg/cm’-H,0)] H Chemical-specific Henry's Law constant [(mg/cm’-air)/

(mg/cm’-H,0)]

Source: ASTM E1739-95
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DOMENICO MODEL: DILUTION ATTENUATION FACTOR (DAF) IN THE SATURATED ZONE

Domenico model for multi-dimensional transport with decay and continuous source:

C(x,y,z,t)
C

o

DAF

=(1/8) exp{

v

{(x—vxt) 1+4></1><ax}

X 1_ 1—}—% Xe}/j‘c
2% oy Y 2oy xvxt

(Z-5gw,)

dissolved-phase concentration [mg/L]

dissolved-phase concentration at the source (at x=y, 0< z <8g) [mg/L]
seepage velocity [cm/year]

first order decay rate [1/year]

longitudinal dispersivity [cm]

lateral dispersivity [cm]

vertical dispersivity [cm]

spatial coordinates [cm]

time [year]

distance along the centerline from the downgradient edge of dissolved-plume
source zone or source well [cm]

width of soil source perpendicular to the groundwater flow direction [cm]
groundwater mixing zone thickness [cm]

C,/C(x)

Source: Domenico, P.A. and F.W. Schwartz, 1990, Physical and Chemical Hydrogeology.

John Wiley and Sons, NY, 824 p. (Eqn. 17.21)

H

At the centerline, for steady-state (after a long time) the
concentration can be obtained by setting y =0, z= 0, and
x<<vxtas:

C(x)Zexp Xl 1+4></1an y
CO 2Xax 1%

At the centerline, for steady-state, the DAF without decay
can be obtained by settingy =0,z=0, x << vt,and A =0
as:

Clx) _

erf ! xerf | ———
C, N 2xAa. XX

Note: Comparing to ASTM E1739-95, p. 31, where
Y= Sw, 5gw = Sd, v=1u, and Co = Csource

)

At the centerline, for steady-state, the DAF with decay

can be calculated using Equation (2). In Equation (2), the

retarded seepage velocity (v) is calculated as:
v=(KXi)/(Rsx Ox)

where:
K = Hydraulic conductivity [cm/year]
i = Hydraulic gradient [--]
60, = Total porosity in the saturated zone
[cm’/cm’-soil]
Ry, = Retardation factor in the saturated zone [--]
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LFgy: Leaching Factor from subsurface soil to groundwater G347 Soil concentration at which dissolved pore water and vapor phases
[(mg/L-H,0)/(mg/kg-soil)] become saturated [(mg/kg-soil)]
P,
LF sw= } sa_ S
(0K ,OS+H><6’M]X(1+U gwxagwj Cot= A HOu 40K )
Ixw
where: where:
p. = Dry soil bulk density [g-soil/cm’-soil] S = Pure component solubility in water [mg/L-H,O]
6. = Volumetric water content in vadose zone soils [em’-H,O/cm’- ps = Dry soil bulk density [g—soil/cm3—soil]
soil] H = Chemical-specific Henry's Law constant [(mg/cm’-air)/
Ki = forx Ko (mg/cm’-H,0)]
= Chemical-specific soil-water sorption coefficient for the Os = Voh31metric air content in the vadose zone soils
unsaturated zone [mL-H,0/g-soil] [cm’-air/cm’-soil]
foc = Fractional organic carbon content in the unsaturated zone Oy = Volumetric water content in vadose zone soils
[(2-C)/(g-soil)] [em’-H,O/cm’- soil]
H = Chemical-specific Henry's Law constant [(L-H,O)/(L-air)] Ky = foex Ko
8, = Volumetric air content in the vadose zone soils = Chemical-specific soil-water sorption coefficient for the

[cm’-air/cm’-soil]
= Groundwater Darcy Velocity [cm/year]
= QGroundwater mixing zone thickness [cm]
= Infiltration rate of water through soil [cm/year]
= Length of source area parallel to groundwater flow [cm]

Source: ASTM E1739-95

unsaturated zone [cm’-H,O/ g-50il]

Source: ASTM E1739-95
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ALLOWABLE SOIL AND GROUNDWATER CONCENTRATION FOR GROUNDWATER RESOURCE PROTECTION

Allowable soil concentration at the source[mg/kg] = Target groundwater concentration at the POE x DAF ror
LF sy
Allowable groundwater concentration at the source[mg/L] = Target groundwater concentration at the POE X DAF pog
Allowable groundwater concentration at the POC[mg/L] = Target groundwater concentration at the POE x DAFros
DAF poc
where:

POE = Point of exposure

POC = Point of compliance

DAF.: = Dilution Attenuation Factor between the point of exposure and the source

DAF e = Dilution Attenuation Factor between the point of compliance and the source

LF, = Dry soil leaching factor [(mg/L-H,O)/(mg/kg-soil]

Concentration at POE is expressed in mg/L-H,O
Additional relationships used in the calculation of allowable soil and groundwater concentration with chemical degradation:

. 0.693
First order decay rate[l/day] = ————
Half Life
Retardation Factor for Organics in the saturated zone (R,) = 1+ (pg[(”) K = focsx Ky
78
where:

Pss = Saturated zone soil bulk density [g-soil/cm’-soil]

K = Chemical-specific soil-water sorption coefficient in the saturated zone [cm3—H20/ g-s0il]
K,.= Chemical-specific soil-water distribution coefficient for metals in the saturated zone [cm3/ g-C]
O = Total porosity in the saturated zone [cm’/cm’-soil]
foc, = Fractional organic carbon content in the saturated zone [g-C/g-soil]
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STREAM PROTECTION: ALLOWABLE GROUNDWATER CONCENTRATION AT THE POINT OF DISCHARGE

€.l +0..) [Qm}
ng = - Csu
Where: 0 aw 0 ow
Qg = Impacted groundwater discharge into the stream [ft*/day]
Cow = Allowable concentration in groundwater at the point of discharge into the stream [mg/L]
Osw = Stream flow upstream of the point of groundwater discharge (stream flow rate) [ft'/day]
Csw = Allowable concentration at the downstream edge of the stream’s mixing zone [mg/L]
Cs, = The COCs’ concentration upstream of the groundwater plume discharge [mg/L]

STREAM PROTECTION: ALLOWABLE SOIL AND GROUNDWATER CONCENTRATION AT THE SOURCE & POC

Allowable soil concentration at the source[mg/kg] = Target surfacewater concentration[mg/L] at the POE x DAF ror
LF sw
Allowable groundwater concentration at the source[mg/L] = Target surface water concentration[mg/L] at the POE x DAF por

Allowable groundwater concentration at the POC[mg/L] = Target surfacewater concentration[mg/L] at the POE x DAF ros

DAF poc

Additional relationships used in the calculation of allowable soil and groundwater concentration with chemical degradation:

First order decay rate[l/day] = 0.693

Half Life
Retardation Factor for Organics in the saturated zone (R,) = 1+ (pg[{”) K = focsx Ky
78
where:
Dss = Saturated zone soil bulk density [g-soil/cm’-soil]
K = Chemical-specific soil-water sorption coefficient in the saturated zone [cm’-H,0/g-soil]

K,.= Chemical-specific soil-water distribution coefficient for metals in the saturated zone [cm3/ g-C]
O Total porosity in the saturated zone [cm’/cm’-soil]
focs, = Fractional organic carbon content in the saturated zone [g-C/g-soil]
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SCHEMATIC DESCRIPTION OF DOMENICO’S MODEL

Soil Source Area

=

Ground Surface

EZANN

Water Table \ 4

v

lln

V4

Ugw

I
—_—
I

Groundwater Source
(Groundwater Mixing Zone)

RN

Leachate

AN

=]

Vadose Zone

Ogw

Y/

AN

Downgradient Edge of the
Groundwater Source*

SECTION

Groundwater Source

(Groundwater Mixing Zone)

Note:

PLAN

(* Assumes only vertical leaching, i.e., there is no horizontal spreading in the unsaturated zone.)
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